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A detailed low energy electron diffraction analysis has been performed to investigate the ad-
sorption of potassium on Al(111) at 90 K and at 300 K. At each temperature a (v/3 x +/3)R30°

structure is formed, however, the adsorbate positions are different.

For adsorption at 90 K the

adatoms occupy on-top sites and at 300 K they occupy substitutional sites, both geometries have
hitherto been regarded as very unusual. An irreversible phase transition from the former to the
latter stable structure occurs on warming to 300 K. The obtained interatomic distances and surface
relaxations are discussed in terms of an interplay of the electrostatic repulsion between adatoms and
substrate screening as well as coordination number. An approximate scheme for including the effect
of anisotropic atomic motions under the influence of thermal excitation was applied. It is found
that the R factors for the on-top site are significantly improved whereas no improvement is found

for the substitutional site.

I. INTRODUCTION

Recent studies of the adsorption of alkali-metal atoms
on metal surfaces have revealed interesting and surpriz-
ing results which show that these systems are more com-
plex than hitherto believed. In the standard picture
of alkali-metal adsorption it is expected that on close-
packed surfaces the adsorbates occupy high-symmetry
sites without reconstruction of the substrate.!™ How-
ever, recent reports’>"13 have shown that in many cases
this expectation is not realized. In particular, several
determinations of occupation of on-top sites have ap-
peared in the literature®™® and recently a more dramatic
exception to the notion of simple adsorption has been re-
ported in the occupation of the substitutional site identi-
fied by surface-extended x-ray-absorption fine structure
(SEXAFS) for Na adsorption on Al(111),° as well as by
density-functional theory calculations,®1! and for K on
Al(111) as reported in our earlier paper.12 Other very re-
cent and interesting results of alkali-metal /metal systems
have appeared. Andersen et al.!® using high-resolution
core-level spectroscopy and Aminpirooz et al.'? using
SEXAFS, have found for ¢(2 x 2)-Na/Al(001) (© = 0.5)
that the local environment of the Na atom is different
at low temperature and at room temperature. [We de-
fine coverage © =1 as having the same number of atoms
as an Al(111) plane.] For adsorption at low tempera-
ture, both experimental results are consistent with the
Na atoms occupying the four-fold hollow site. Adsorp-
tion at room temperature, however, appears to involve
the formation of a surface alloy. Furthermore, Andersen
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et al.1> have presented a high-resolution core-level spec-
troscopy study of submonolayer adsorption of Na, K, Rb,
and Cs on the Al(111) surface at low temperature and
at room temperature. They found that at low cover-
ages the alkali-metal atoms adsorb at defects while at
higher coverages island formation occurs in many cases.
They argue that all of the ordered structures formed at
room temperature involve a disruption of the Al(111)
surface. In relation to this latter point, Kerkar et al.l®
have found for p(2 x 2)-Na/Al(111) (coverage © = 0.5)
that at least two distinct Na adsorption sites are involved
and propose a model involving two reconstructed lay-
ers, each of stoichiometry NaAl,. Interesting results of
alkali-metal adsorption on noble metals have also been
reported, for example, two-dimensional (2D) condensa-
tion of K on Cu(001)!” and K on Ag(001)® identified
on the basis of low-energy-electron-diffraction (LEED)
observations and by using soft-x-ray photoemission, re-
spectively, which show that in these cases the adsorbate-
adsorbate interaction overcomes the electrostatic repul-
sion and the surface-corrugation potential and that the
adsorbate-substrate charge transfer is insignificant. Fur-
ther, as shown by Lamble et al.!® for Cs/Ag(111) using
SEXAFS, it was found that for increasing coverage (© =
0.15 to 0.30) the Cs-Ag bond length increases by about
0.3 A, interpreted by them as reflecting a transition in the
cesium bonding from predominantly ionic to more cova-
lent at high coverage (we note that it is possible that this
could also be due to a switching of adsites accompanied
by a variation of the bondlength due to different coor-
dination number). For alkali-metal adsorption on (110)
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metal surfaces the situation is somewhat different; it is
well known that for these surfaces substrate reconstruc-
tion is often created by alkali-metal adsorption.2°

The present system of interest, (v/3 x +/3)R30°-
K/Al(111), has been studied by Andersen et al.,'3 using
high-resolution core-level spectroscopy, at both low tem-
perature (100 K) and at room temperature, where strong
changes in the core-level spectra with change in temper-
ature are observed. This is consistent with the present
results, where the adsorption of potassium on Al(111) has
been investigated by LEED for low temperature (90 K)
and for room temperature. In each case a (\/?; X \/§)R30°
structure is formed. The LEED analysis reveals that the
adsorbate position for the two temperatures is different
and somewhat unusual: for adsorption at low tempera-
ture the adatoms occupy on-top sites on a rumpled sub-
strate and at room temperature a reconstruction of the
substrate occurs such that the K atoms occupy surface
substitutional sites. That is, an irreversible order-order
transition occurs from the former, metastable structure
to the latter stable structure upon warming to room tem-
perature without change in the 2D unit cell.

In this paper we present a detailed description of the
LEED analysis reported in our earlier paper'? which has
been extended to investigate the effect of using a different
inner potential in the adsorbate layer to that in the sub-
strate, and to investigate the possibility that anisotropic
temperature effects are significant in relation to the ad-
sorbate by using the recent concept of “split positions”
as introduced by Over, Moritz, and Ertl.?2! For K in the
on-top position a relatively large lateral motion is found
that could correspond to a soft surface phonon mode.

II. EXPERIMENT

All the LEED intensity measurements were performed
at 90 K. The (\/gx \/§)R30° structures for room temper-
ature and low temperature were formed respectively by
saturation adsorption at 300 K and by adsorption (not to
saturation) at 90 K. Rutherford back-scattering measure-
ments have shown that the former structure is formed
by adsorption of K atoms with coverage ® = 1/3.22
Auger electron spectroscopy (AES) measurements in the
present work indicated that the structure formed by ad-
sorption at 90 K also corresponds to coverage © = 1/3.

The measurements were carried out in an ultrahigh-
vacuum system, with base pressure 3 x 107! torr. The
Al(111) crystal was cleaned by cycles of Art ion bom-
bardment at 1 keV and annealing to 500 °C. The main
remaining contaminant after the cleaning process was C,
with a coverage of about ® = 0.01 as estimated from
AES measurements. K was deposited onto the crys-
tal by evaporation from a SAES source.?® The deposi-
tion was carried out in a few minutes and the residual-
gas pressure during evaporation was typically 4 x 10710
torr. AES measurements taken after deposition and af-
ter completion of a set of LEED measurements indicated
that surface contamination (almost entirely C) was less

than ® = 0.05. Sharp (\/3 X \/§)R30° LEED patterns

with good contrast were obtained after deposition of K
(© = 1/3) at 90 K or at 300 K. At coverages less than
© = 1/3 the fractional-order spots were diffuse, giving
no indication of island formation, but a detailed exami-
nation of beam profiles was not performed.

The LEED intensity measurements were made us-
ing a video-LEED system,?* the basic components of
which were a light-sensitive video camera with silicon-
intensifier-target phototube, a “frame-grabber” adaptor
for digitalization of video images of the LEED pattern
on the fluorescent screen of a rear-view LEED optics,
and a 12 bit a/d adaptor for programming the electron
energy and for reading the electron energy and beam cur-
rent. The two adaptors were installed in an IBM PC/AT
computer. The intensity of a particular diffracted beam
at a particular energy was measured by summing the
pixel intensities in a window centered on the diffraction
spot. The spot intensity was corrected for background as
measured by summing pixel intensities in windows above
and below the diffraction spot, and was normalized for
the electron beam current and for the variation of the
spot intensity with the spot’s position on the fluorescent
screen (Lambert’s law). The intensities of an arbitrary
number of beams could be measured simultaneously (to
within the 40 ms digitalization time). Determination of
the spot intensities was carried out in real time (about 0.5
s per energy). Acquisition of an image of the LEED pat-
tern at a given energy was carried out in parallel with the
processing of the image acquired at the previous energy.
The algorithm for tracking the movement of the diffrac-
tion spots with energy was based on a calibration of the
magnification of the optical system and frame grabber,
and was completely robust.

The intensity measurements were carried out at nor-
mal incidence, which was set to within +0.1° with respect
to rotations about each of two axes, mutually orthogonal
and orthogonal to the incident electron beam direction.
This was achieved by minimizing the R factor for the
comparison of intensity-energy [I(E)] curves for (nomi-
nally) symmetry-equivalent beams as a function of the
two rotation angles.

The main difficulty in our implementation of the video-
LEED technique is the restricted dynamic range resulting
from the eight-bit representation of pixel intensities in
commercial frame grabbers. In practice the problem is
accentuated by noise (~3% of the full video signal) due
to the dark current in the video camera. To alleviate
this problem, the measurements for the generally weaker
fractional-order beams were carried out separately from
the measurements for the substrate beams, at a larger
gain setting of the video amplifier of the camera. As a
further step, the measurements for each of the two sets
were divided into two energy ranges, with two different
settings of the video gain. The I(F) curves shown in the
present paper have been corrected for differences in the
video gain and are therefore on the same (but arbitrary)
intensity scale. In studies carried out after completion of
the present work we have further improved the signal-to-
noise ratio by programming the video amplifier to achieve
near saturation intensity for the brightest LEED spot at
each energy.?®
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For each of the (v/3 x v/3)R30°-K structures, I(E)
curves were measured at normal incidence for a wide en-
ergy range 50-450 eV for 20 diffracted beams, which re-
duced to four symmetry-inequivalent integral-order and
four symmetry-inequivalent fractional-order beams. The
intensities of symmetry-equivalent beams were averaged.

Although the same LEED patterns at both tempera-
tures were observed, from comparison of the ezperimental
LEED intensity curves for the two structures, as shown
in Fig. 1, it can be seen that the corresponding surface
structures must be quite different. Furthermore, intensi-
ties measured after adsorption at 90 K and warming to
300 K are identical to those measured after adsorption at
300 K alone, indicating the occurrence of an irreversible,
order-preserving phase transition.

III. LEED CALCULATION

The LEED intensity calculations were performed us-
ing the fully dynamical calculation scheme,2® which in-
cludes the possibility of automatic, simultaneous re-
finement of the structural parameters, the real part of
the complex electron self-energy, and the effective De-
bye temperature.?” The program uses the “layer KKR”
(Korringa-Kohn-Rostoker) approach together with the
“layer-doubling method.”?® The Rpg factor, defined by
Kleinle, Moritz, and Ertl,?° was used to characterize the
agreement between experiment and theory. This R factor
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FIG. 1. Experimental intensity versus energy curves for the
structures formed at room temperature and at low tempera-
ture. The upper and lower curves for each beam correspond
to the low- and room- temperature results, respectively.
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requires only a rather small set of data points at discrete
energies (hence “DE”).

The scattering from Al and K atoms was described us-
ing ten phase shifts calculated from the muffin-tin band-
structure potentials of Moruzzi, Janak, and Williams.3°
Atomic scattering matrices were averaged for the effects
of thermal vibrations using a single Debye temperature
for the Al substrate (©4) and a different Debye temper-
ature for the adsorbed K atoms (Ok), which was taken
as a variable in the analysis. The real and imaginary
parts of the complex electron self-energy, ¥ =V, + iV,
were taken to be energy independent. A constant value of
Vim=4.0 €V was used and V, was optimized. For Al(111)
taking a constant value of V, seems to be a good approx-
imation, as can be seen from Fig. 2, where the calcu-
lated and experimental peak positions are well matched
at low and high energies. This is consistent with the
results of an investigation into the possible energy de-
pendence of V, and Vi, by Nielsen and Adams.3! In this
study they allowed a linear variation with energy and
concluded that in both cases the effect is insignificant.
The surface potential barrier was assumed to be a refract-
ing but nonreflecting step of height V,. As mentioned in
the introduction, extended calculations were also made
where the inner-potential (i.e., the real part of the com-
plex electron self-energy) for the adlayer was different
to that of the Al substrate, and for the importance of
anisotropic temperature effects using the approximation
with split positions.?2! The results of these calculations
are described in Secs. IV B and IV C and in Sec. V.

Clean Al(111)
Beam
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FIG. 2. Comparison of the experimental and theoretical
LEED intensity curves for the clean Al(111) surface. The
theoretical curves are the lower ones for each beam and the
experimental results appear as the upper curve.
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IV. RESULTS OF THE LEED ANALYSIS
A. The clean Al(111) surface

A structural analysis of the clean Al(111) surface was
performed where it was found that the first aluminum in-
terlayer spacing is expanded by 1.3 % +0.8 % relative to
the bulk interlayer spacing, in agreement with previous
results in which expansions of 0.9 % +0.5 % (Ref. 31)
and 1.7 % +£0.3 % (Ref. 32 ) were found. The analysis,
which was carried out for ©4; = 490 K (Ref. 31 ) and
Vim=4.0 €V, led to an optimum value of V, = 6.0+1.0 eV
(with respect to the muffin-tin zero). The energy step
used in the calculations was 5 eV, with four beams, which
led to 234 data points being used in the comparison
between theory and experiment. The Rpg factor was
0.193 and for the R factors of Pendry®® and Zanazzi and
Jona,3* the values were Rp = 0.293 and Rzj; = 0.121,
respectively. As the LEED intensities were measured up
to quite high energies, calculations were also performed
using 14 phase shifts for Al, which led to slightly dif-
ferent R factor values (Rpg = 0.198, Rp = 0.235 and
Rz; = 0.075) but no change in the determined structure.
Figure 2 shows a comparison of the experimental curves
and the calculated curves obtained for the clean Al(111)
surface where good agreement can be seen.

B. The (v/3 X v/3)R30° structure: Low temperature

In the analysis of the LEED intensities, for each of the
two (v/3 x v/3)R30° structures, five different adsorption
sites were considered; namely, on-top, bridge, fcc and hep
hollow, and substitutional sites as shown in Fig. 3. In the

FIG. 3. The sites considered in the LEED analysis. In each
case the large pale grey circles denote the K atoms, the white,
dark grey, and black circles representing the first, second, and
third Al layers, respectively. The ratio of the K radius to the
Al radius corresponds to the covalent K radius and the hard
core Al radius.
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first step of the analysis, the K-Al interlayer spacing (Zxk)
and the first Al-Al interlayer spacing (D;2) were opti-
mized, together with V,,. All other structural parameters
were fixed at the ideal bulk values. In these calculations
Ok was kept at 50 K and ©,; at 490 K. For this stage
of the analysis the Rpg factor was used with an energy
step of 10 eV.

For the structure formed at 90 K the initial analysis led
to a rejection of the twofold bridge and threefold fcc and
hcp hollow sites but did not lead to a clear discrimination
between the onefold on-top and the sixfold coordinated
substitutional site. This can be seen from Table I, where
multiple minima are present for each site, none having a
very low R factor. This is illustrated in Fig. 4 for the on-
top site, where a three-dimensional plot is shown, from
which the multiple minima can be seen, present for both
variations of the K-Al and the Al-Al distances. It is to
be noted that the smallest value of the R factor is still
quite large (Rpg ~ 0.6).

Further refinement involving lateral and vertical relax-
ations of the substrate layers and variation of Ok did
clearly indicate a preference for the on-top site, as is ev-
ident from Table II, in which the best-fit R factors for
all sites considered are listed, together with the corre-
sponding structural parameters. The energy step in the
calculations was taken to be 5 eV, with eight beams, cor-
responding to 392 data points being used in the compar-
ison between theory and experiment. (A calculation was
also made for the determined on-top site with an energy
step of 2.5 eV, 696 data points being used in the com-
parison between theory and experiment. The obtained R
factors were very similar to those in Table II, i.e., 0.344,
0.310, and 0.110 for the Rpg and Rp and the Rzj factors,
respectively.)

TABLE 1. The minimum Rpg factors for each of the sites
considered for the A1(111)-(1/3 x v/3) R30°-K structure formed
at 90 K on variation of Zx and Di2. All other structural pa-
rameters are fixed at the ideal bulk values and ©x = 50 K,
© a1 = 450 K. For each model V, is optimized for best agree-
ment with experiment.

Rpe Zx (A) D12 (R) Adsorption site
0.592 1.80 2.50 substitutional
0.585 2.26 2.51 substitutional
0.583 2.60 2.50 substitutional
0.568 3.00 2.50 substitutional
0.592 2.27 2.55 on-top
0.607 3.15 2.50 on-top
0.604 2.83 2.56 on-top
0.712 1.25 2.49 fcc hollow
0.657 2.30 2.52 fcc hollow
0.635 2.78 2.52 fce hollow
0.623 3.22 2.49 fcc hollow
0.626 1.94 2.50 bridge
0.632 2.35 2.49 bridge
0.653 3.20 2.49 bridge
0.703 1.86 2.21 hep hollow
0.674 2.31 2.25 hcp hollow
0.689 2.84 2.22 hcep hollow
0.719 3.20 2.19 hep hollow
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Dy, (A) 26 .7
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FIG. 4. Three-dimensional plot for the on-top adsorption
geometry showing the Rpg factor as a function of the K-Al
(Zx) and first Al-Al (D;2) spacings.

For the on-top site the best-fit structure, as sketched
in Fig. 3(a), involves a rumpling of the first layer of Al
atoms such that the Al atoms directly beneath the K
atoms have moved in towards the bulk by 0.12 A from
the unrelaxed geometry and the other Al atoms in the
first layer have moved outward by 0.13 A from the unre-
laxed geometry, giving rise to a vertical distance of 0.25
+ 0.04 A between Al atoms in the first layer. The K
atoms are found to be at a vertical distance of 2.98 +
0.05 A, from the uppermost Al atoms in the first layer
giving a K-Al nearest-neighbor distance of 3.23 A. As-
suming a hard-sphere metallic radius of ra; = 1.43 A
yields an effective K radius rx = 1.80 A. The vertical
distances of the Al atoms in the uppermost Al layer, and
the displaced Al atoms beneath the K atoms, to the sec-
ond Al layer are found to be 2.46 A and 2.21 + 0.05 A,
respectively, as compared to the bulk interlayer spacing
of 2.33 A. The inward displacement of 1/3 of the Al atoms
in the first layer was found to be accompanied by small
outward lateral shifts of 0.05 A of the nearest-neighbor
Al atoms in the second layer. In particular, as can be
seen from Fig. 5 the R factors are very sensitive to the
displacement of the Al atom beneath the K atom where
a deep, sharp minimum can be seen, corresponding to an
improvement of the Rpg factor from ~ 0.6 to 0.350. In
Fig. 6 the dependence of the R factors on Ok is shown.
It can be seen that all R factors are also very sensitive to
this value. From the analysis, values of V, =6.0 £+ 1.0 eV
and Ok =110 + 60 K were determined.

Using the obtained structural and nonstructural pa-
rameters described above, theoretical curves were ob-
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FIG. 5. Plot illustrating the R factor dependence for the
on-top structure on Za; for the optimum K-Al spacing.

tained and are compared to the experimental results as
shown in Fig. 7, from which good agreement is evident.
A comparison of the experimental curves with the theo-
retical curves obtained for the most favorable geometry
of the alternative sites is shown in Figs. 8(a)-8(d), where,
as expected, the agreement is poor.

As mentioned earlier, calculations were performed us-
ing a different value of V, for the K overlayer. In the
calculation, refraction at the surface barrier is included
but not reflection. From ab initio surface calculations,!?
as well as from surface band-structure calculations,® it
follows that the interstitial potential in the K adlayer
for the substitutional adsorption is between 2 and 3 eV
higher (closer to the vacuum level) than it is in the Al
substrate. As can be seen from Fig. 9, no improvement in
the R factors is obtained for the on-top surface structure
when this change of V, is taken into account. For each
(VX, VAl combination, as shown in Fig. 9, an automatic
structural refinement was carried out which led to very
little change in the R factors and structural parameters.

C. The (v/3 X 4/3)R30° structure: Room
temperature

Following the same initial procedure as for the low-
temperature results as described above (that is, optimiza-

TABLE II. The best-fit R factors for each of the sites considered for the Al(11 1)-(\/§ X \/§)R30°-K

structure formed at 90 K.

Rpe Rz; Rp Zx (A) Dy2 (A) Das (A) Zai (A) Adsorption site
0.572 0.259 0.695 2.60 2.53 2.36 substitutional
0.365 0.137 0.335 2.98 2.21 2.33 0.25 on-top
0.318 0.101 0.287 top-split
0.655 0.327 0.797 2.78 2.52 2.33 fcc hollow
0.607 0.220 0.705 1.94 2.50 2.33 bridge
0.738 0.328 0.904 2.31 2.25 2.33 hcp hollow
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FIG. 6. Plot showing the variation of the R factors with
Ok for the determined on-top site structure.

tion of the K-Al and Al-Al interlayer distances together
with V, with an energy step of 10 eV), it was found that
the structure formed at 300 K showed a clear preference
for the substitutional site. This can be seen from Ta-
ble III, which shows the R factors and structural pa-
rameters for each site tested. For the substitutional site

ITTI!II!

90 K Beam
- on top (1/3,1/3

LEED INTENSITY

250 500
ENERGY (eV)

FIG. 7. Experimental and calculated intensity versus en-
ergy curves for the structure formed at 90 K. For each beam
the experimental intensities are the upper curves. The calcu-
lated intensities are for the best-fit geometry for the on-top
site, given in Table II and shown in Fig. 3(a).

Fig. 10 illustrates the Rpg factor in a three-dimensional
plot, where it can be seen clearly that two minima are
present; one is, however, deeper than the other. Fur-
ther refinement involving lateral and vertical relaxations
of the substrate and optimization of ®k enhanced the
preference for the substitutional site. The best-fit R fac-
tors and corresponding structural parameters for the five
sites considered are listed in Table IV, from which the
preference for the substitutional site is again evident.
A sketch of the structure is shown in Fig. 3(b), where
the K atoms are in quasisubstitutional sites formed by
the ejection of 1/3 of a monolayer of Al atoms. The
K atoms are situated at a vertical distance of 2.16 +
0.03 A above the first layer of Al atoms, corresponding
to a nearest-neighbor K-Al distance of 3.58 A. Assum-
ing a hard-sphere metallic radius 75; = 1.43 A yields an
effective radius rx = 2.15 A, lying between the covalent
radius of 2.03 A and the metallic radius of 2.27 A. The
first Al interlayer spacing is contracted by 2 +1 % with
respect to the bulk value, whereas the second Al inter-
layer spacing is equal to the bulk value within the error
of the determination. Figure 11 shows a plot of the R
factors versus Ok, where it can be seen again that a sen-
sitive variation is exhibited by each of the R factors. Op-
timum values of V, =4.0 & 1.0 ¢V and Ok =140 £ 50 K
were determined in the analysis. A comparison of the ex-
perimental intensity curves with those calculated for the
optimum geometry are shown in Fig. 12, from which very
good agreement is observed. A comparison of the exper-
imental curves with the theoretical curves obtained for
the most favorable geometry of the alternative sites are
shown in Figs. 13(a)-13(d), where the agreement is poor
in each case. In the analysis, for the substitutional site,
the positions of the displaced Al atoms were neglected.
In view of the good agreement noted above, it seems un-
likely that they form an ordered sublattice; rather, they
are most probably readsorbed at steps. Calculations were
also made for the case where the ejected Al atoms may
reside in hollow sites above the potassium atoms, but an
R factor analysis showed that this geometry was clearly
unfavorable.

As for the analysis for the low-temperature structure,
calculations were also made for different combinations of
the inner potential for K (VX) and Al (VA!), as described
in the previous section. The results are shown in Fig. 14.
It can be seen that for the Rpg factor no improvement
is obtained by taking a different inner potential for the
K layer; the Rp factor, however, does show a slight im-
provement (from Rp = 0.247 to 0.242), for the combina-
tion (2,4) (i.e., the inner potential being 2 eV and 4 eV
in the K layer and in the Al layers, respectively). It is to
be noted that although the improvement is very slight,
it can be seen from Fig. 9 for the on-top site that no
improvement at all in the R factors was obtained.

It is interesting to note the differences in the inner
potentials obtained for the clean surface and the alkali
covered surfaces as given above in Secs. IV A, IV B,
and IV C, the differences being none for the on-top site
and 2.0 eV for the substitutional site. This is some-
what surprising, since first, a decrease is expected with
alkali-metal adsorption as it reflects the decrease in the
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work function, and second, the difference of 2.0 eV be-
tween the on-top value and the substitutional value is
quite large given the coverage is the same. Therefore,
some effort was made to obtain an accurate as possible
value for the inner potential in each case. The refined
values were 6.4 eV, 5.7 eV, and 3.6 eV for the clean, on-
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top, and substitutional structures, which, as it turns out,
are not significantly different from the original values.
The difference of approximately 2.0 eV between the on-
top and substitutional geometries remains. Work func-
tion measurements of K/Al(111) have been performed
by Horn et al3® at low temperature, where at cover-
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FIG. 8. Plots showing the comparison of the experimental intensity versus energy curves at low temperature with the
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hollow, and (d) bridge sites.
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FIG. 9. Histogram showing the R factors for the obtained
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values of VX and VA!. The dark shaded bars correspond to
Rp while the lighter bars denote Rpg values.

age ® = 1/3 a decrease in the work function of ap-
proximately 1.9 eV is reported. From density-functional-
theory (DFT) calculations,?” a decrease in the work func-
tion of approximately 1.7 eV is obtained for both non-
activated and activated adsorption (corresponding to the
on-top and substitutional structures, respectively).

V. ANISOTROPIC EFFECTS

As shown by Over, Moritz, and Ertl,?! it is possible,
using LEED, to gain certain information about the dy-
namics of the system under investigation by introduc-
ing the concept of split position. In their work the
(v/3 x v/3)R30°-CO/Ru(0001) system was investigated,
where it was found that the agreement between experi-
mental and theoretical I(E) curves could be significantly
improved by including anisotropic vibrations. The idea
of split position is that the probability-density function
describing the thermal vibrations can be approximated
using a few distinct positions with an appropriate oc-
cupation factor. The LEED calculation is then carried
out for this geometry where all multiple scattering paths
between the split positions are suppressed.

Anisotropic temperature effects were investigated for

TABLE III. The minimum Rpg factors for each of the sites
considered for the Al(111)-(v/3 x v/3) R30°-K structure formed
at 300 K on variation of Zx and D;2. All other structural pa-
rameters are fixed at the ideal bulk values and ©x = 50 K,
©a1 = 450 K. For each model V, is optimized for best agree-
ment with experiment.

RpE Zx (A) D, (A) Adsorption site
0.479 1.70 2.28 substitutional
0.449 2.15 2.27 substitutional
0.564 2.15 2.30 on-top
0.598 2.63 2.29 on-top
0.553 1.37 2.31 fcc hollow
0.554 1.87 2.29 fcc hollow
0.536 2.38 2.29 bridge
0.538 2.83 2.29 bridge
0.835 1.37 2.13 hcp hollow
0.808 1.85 2.07 hcp hollow
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FIG. 10. Three-dimensional plot for the substitutional ge-
ometry showing the Rpg factor as a function of the K-Al
spacing (Zk) and the first Al-Al interlayer spacing (D12).

both the on-top site and the substitutional site. A split
position of K used in the present calculations is illus-
trated in Fig. 15(a), where, in this case, the K positions
are compatible with the threefold symmetry. In the cal-
culation, the bond length obtained without using split
positions was conserved. That is, the height of the K
atom above the Al atom was accordingly reduced as the
lateral distance from the exact on-top position was in-
creased. Calculations were also made without reducing
the height; similar results were obtained but the improve-
ment in the R factors was not as great. By varying the
split position (the lateral displacement) for a range of
Ok (50, 100, 150, 200, and 250 K) it was found that for
the on-top site the R factors were significantly improved,
the K atom exhibiting an average lateral displacement
of approximately 0.30 A from the exact on-top position
for ®k = 150 K. It can be seen from Fig. 16(a) that the
minima of the three R factors occur at slightly different
split position values. For the Rpg factor the minimum
occurs at 0.30 A, for the Rp factor at 0.35 A, and for
the Rz; factor at 0.375 A. (We choose to quote 0.30 A,
since the Rpg factor is sensitive to relative intensities
which vibrational amplitudes affect more.) The R fac-
tors obtained were reduced from 0.365, 0.335, and 0.137
to 0.318, 0.287, and 0.101 for the Rpg, Rp and Rzj fac-
tors, respectively. In general, for the range of Ok and
split positions tested, on the criteria of best R factor, an
increase in Debye temperature occurs as the split position
distance is increased. This increase is expected because
the thermal vibrations, in part, have, with the use of
split positions, been taken into account (a large Debye
temperature indicates a smaller vibrational amplitude).
The remaining vibrations not included in the description
provided by split positions are taken into account by the
Debye-Waller factor using the Debye temperature. This
is schematically shown in Figs. 15(b) and 15(c), which il-
lustrate the description of thermal vibrations within the
Debye model (with ©x = 110K) and when using split
positions (with @x = 150 K), respectively. The root
mean square displacements corresponding to the Debye
temperatures of 110 and 150 K are (u?)!/2 ~ 0.15 A and
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TABLE IV. The best fit R factors for each of the sites considered for the

Al(111)-(v/3 x v/3)R30°-K structure formed at 300 K.

Rpg Rz; Rp Z}((A) Dlz(A) Dzs(A) ZAl(A) Adsorption site

0.284 0.126 0.280 2.16 2.29 2.34 substitutional

0.536 0.213 0.714 2.15 2.20 2.32 0.15 on-top

0.590 0.342 0.705 1.87 2.29 2.34 fcc hollow

0.554 0.240 0.686 2.38 2.29 2.34 bridge

0.863 0.353 0.949 1.85 2.07 2.34 hcp hollow

0.10 A, respectively. The thermal motion described by
the split position is much larger than the isotropic mo-
tion within the Debye model. Using the simple model
of a two-dimensional quantum mechanical harmonic os-
cillator, the excitation energy of the lateral vibrational
mode is estimated to be approximately 3 meV.3® These
results are similar to those obtained by Over et al.3° for
the Cs/Ru(0001) system in that the R factors were sig-
nificantly reduced for the (2 x 2) on-top structure but
not for the (\/§ X \/§)R30° hcp structure. In this case
a value of 1 meV for the excitation energy of the lateral
vibrational mode was obtained.

To best see the effect on the intensities of the inclusion
of anisotropic temperature effects using split positions, a
comparision of the theoretical intensities with and with-
out using split positions is shown in Fig. 17. The lateral
displacement was 0.30 A. It can quickly be seen that
the main difference lies in the fractional-order beams,
in particular for the higher order fractional-order beams
[beams (4/3,1/3) and (1/3,4/3)]. An automatic refine-
ment was carried out to see whether this description of
the temperature effects led to any change in the previous
structural determination. The structure was found to be
unchanged. Various other azimuthal orientations of the
displacements were also considered with three positions.
Further, not just three but six equivalent positions were

0.44
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0.40

0.38

0.36

0.34

R Factor

0.32

0.30

0.28

0.26 T=300K T

0.24 oo | T T T
40 140 240

Debye Temperature Ok (K)

FIG. 11. Plot showing the variation of the R factors with
Ok for the determined substitutional site geometry.

considered. As in Ref. 21, no significant differences for
the mentioned geometries were found; this can be ratio-
nalized by the consideration that the same interatomic
vectors in the overlayer occur with three sites as well as
with six sites when the vectors between split positions
are ignored.

For the substitutional site, no significant improvement
in the R factors was found [see Fig. 16(b)]. These find-
ings seem reasonable in that the K atom sits lower in the
substitutional site and is sixfold coordinated, both fac-
tors reducing the possibility of movement; further, the K
atom is in the stable adsorption site.

VI. DISCUSSION

The results of the present LEED analysis can be com-
pared to DFT calculations by Neugebauer and Scheffler!!

Ilri"'—l'jll

300 K Beam
- subst. (1/3,1/3

q § (4/3,1/3
S

(2/3,2/3

LEED INTENSITY

theo

250 500
ENERGY (eV)

FIG. 12. Experimental and calculated intensity versus en-
ergy curves for the structure formed at 300 K. For each beam
the experimental intensities are the upper curves. The cal-
culated intensities are for the best-fit geometry for the sub-
stitutional site, given in Table IV and as shown in Fig. 3(b).
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for the adsorption of K on Al(111). These calculations
show that the adsorption energies for occupation of on-
top, fcc-hollow, and substitutional sites are almost de-
generate, having adsorption energies of 1.21, 1.20, and
1.17 eV, respectively. Furthermore, they showed that the
vacancy-formation energy is particularly small (0.41 eV).

T T T 717 17 1T 1T 1T
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This, together with the result obtained by Stumpf and
Scheffler?® that an Al adsorbate on an Al(111) surface
has a very high diffusivity, is consistent with substitu-
tional site occupation where the ejected Al atom moves
to a step or kink—and indeed there are steps, at least on
the Na/Al(111) surface, as has been shown by scanning-
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FIG. 13. Plots showing the comparison of the experimental intensity versus energy curves for the room-temperature structure
with the calculated curves obtained using the best-fit geometries of the other sites; (a) on-top (b) fcc hollow, (c) hcp hollow,

and (d) bridge sites.
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0.32 tunneling-microscopy investigation.*!

0.30 The values obtained by the DFT calculations for the
' bond lengths of the (v/3 x v/3)R30° structures are 3.70
0.28 and 3.38 A for the substitutional and on-top sites, re-

= . .
L spectively. These values are in reasonable agreement with
E‘ 0.26 the values determined by the present LEED analysis of
= 024 3.58 and 3.23 A. The change in bond length between the
onefold on-top site and the sixfold substitutional site ob-
0.22 tained from the DFT calculations is 0.32 A, which agrees
0.20 very well with the present result of 0.35 A. The DFT

FIG. 14. Histogram showing the R factors for the deter-
mined substitutional structural geometry for various values
of VX and VA'. The dark shaded bars correspond to Rp
while the lighter bars denote Rpg values.

ARK,”

FIG. 15. (a) An illustration of a split position for K in the
on-top position. Here the K atoms possess threefold symme-
try and are represented by the smaller pale grey circles. It
is to be noted that for clarity, the ratio of the K radius to
the hard core Al radius is shown as being approximately 50%
smaller than that if the covalent K radius is used, and also the
magnitude of the split position is exaggerated. On-top site:
(b) schematic diagram illustrating the description of thermal
vibrations using the Debye model and (c) using split positions,
indicating the increase of ®k and corresponding decrease in
the root mean square displacement of the adatom from its
mean position u when split positions are used.

calculations agree much better with the present result
than the value of 0.5 A obtained using an empirical rela-
tionship given by Kittel,*? which assumes the nature of
bonding is the same for each structure. An increase in
bond length with adatom coordination reflects the idea
that the bonding saturates; thus the bond strength per
bond decreases. The bond length and adatom coordi-
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FIG. 16. Plot of the R factors obtained using the split po-
sition concept to describe anisotropic temperature effects; (a)
on-top site, (b) substitutional site.
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FIG. 17. Plot showing the effect on the intensities of the
inclusion of anisotropic temperature effects where the theo-
retical intensities obtained with and without using the split
position (0.30 A ) for ©®x=150 K are compared.

nation number of other quantitatively determined struc-
tures of different alkali-metal/metal adsorption systems
(e.g., see Table I of Ref. 43) can be compared.

The present results give a first indication of the nature
of the phase transition and the mechanism for the ejec-
tion of Al atoms necessary to form the substitutional ad-
sorption. We find that on-top adsorption is metastable
for the (v/3 x v/3)R30° structure. Thus, for the peri-
odic layer a structural phase transition to substitutional
adsorption becomes possible, having the most favorable
free energy. Our results indicate that warming to 300 K
is sufficient to overcome the activation barrier for this
transition. By guessing a particular reaction path, DFT
calculations indicate a value for the activation barrier. If
the path is such that the ejected substrate atom moves
to a step and is rebonded there, the activation barrier
from the on-surface adatom to the surface substitutional
is 0.8 eV; namely, the energy of an on-surface adatom
minus the energy of the substitutional adatom plus an
adsorbed Al atom. Alternatively, this energy barrier can
be considered to be the energy difference between the
creation of a “distant Frenkel pair” consisting of the va-
cancy and an Al atom somewhere on the surface nearby
and that of creating a vacancy where the ejected Al atom
resides at a step. By simple considerations this value can
be used to obtain some insight into the dependence on
the temperature of the transition. The Arrhenius equa-
tion below relates the rate of the transition r with the
activation barrier and temperature,

r =1/v x exp(—E®/kgT), (1)

C. STAMPFL et al. 49

where v is the time of a single vibration and is typically
in the range 1071110713 5. 1/v can be thought of as the
attempt frequency of the atom to overcome the barrier.
T is the temperature, kg the Boltzmans constant, and
E? is the activation barrier height. It is to be noted that
the present on-top—to—substitutional transition is more
complex than, for example, an on-top—to—bridge transi-
tion because it involves the ejected Al atom. With the
latter type of transition Eq. (1) is applicable; however,
to apply Eq. (1) to the former transition, it should be
assumed either that the transition occurs near a step or
kink, as in that case the excursion of the ejected Al atom
to the step or kink can be neglected, or alternatively that
the place exchange is rate determining, i.e., much slower
than diffusion of an Al atom to a step [this is indeed true;
compare 0.8 eV to the diffusion barrier, 0.04 eV, of an Al
adatom on an Al(111) surface.%’] From Eq. (1) it can be
seen that the value of 0.8 eV for the activation barrier, as
shown schematically in Fig. 18(a), is in accord with the
experimental analysis because a barrier of 0.8 eV implies
that the transition could occur with measurable rate at
temperatures of the order of 240 +20 K but with negligi-
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FIG. 18. (a) Schematic diagram illustrating the energy bar-
rier that exists between the on-top site at low temperature
and the substitutional site at room temperature. (b) Plot of
the time (on a logarithmic scale) to form the substitutional
potassium overlayer versus temperature, obtained using Eq.

(1).
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ble rate at 180 K for example. Fig. 18(b) illustrates this,
where the time to form the (v/3 x v/3)R30°K substitu-
tional structure is plotted (on a logarithmic scale) against

temperature, taking v = 107!® s (continuous line) and
v = 10711 5 (dashed line).

VII. CONCLUSION

A LEED structural analysis of the (v/3 x v/3) R30° sys-
tem formed by adsorption of K on Al(111) at two differ-
ent temperatures (90 K and 300 K) shows that the two
conditions give rise to the same periodicity but a signifi-
cantly different local geometry and bonding nature. The
structure formed at 90 K contains K atoms in on-top
sites on a rumpled first layer of Al atoms. This struc-
ture is metastable and converts to a structure contain-
ing K atoms in a sixfold coordinated substitutional site
on warming to 300 K, the substitutional site being fa-
vorable due to the low vacancy formation energy for a
(v/3 x v/3) R30° vacancy surface structure and a reduced

alkali-alkali repulsion.!? Furthermore, using the method
of split positions to take into account anisotropic tem-
perature effects, information about the dynamics of the
K atom was able to be determined, in that for the on-top
adsorption site the K atom vibrates predominantly lat-
erally with an associated split position of approximately
0.30 A. No such effect was exhibited for the stable sub-
stitutional site at room temperature, which can be un-
derstood in that the potassium atom is “locked in.”
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FIG. 10. Three-dimensional plot for the substitutional ge-
ometry showing the Rpg factor as a function of the K-Al
spacing (Zk) and the first Al-Al interlayer spacing (Di2).
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FIG. 14. Histogram showing the R factors for the deter-
mined substitutional structural geometry for various values
of VX and V2'. The dark shaded bars correspond to Rp
while the lighter bars denote Rpg values.
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FIG. 15. (a) An illustration of a split position for K in the
on-top position. Here the K atoms possess threefold symme-
try and are represented by the smaller pale grey circles. It
is to be noted that for clarity, the ratio of the K radius to
the hard core Al radius is shown as being approximately 50%
smaller than that if the covalent K radius is used, and also the
magnitude of the split position is exaggerated. On-top site:
(b) schematic diagram illustrating the description of thermal
vibrations using the Debye model and (c) using split positions,
indicating the increase of @k and corresponding decrease in
the root mean square displacement of the adatom from its
mean position u when split positions are used.



FIG. 3. The sites considered in the LEED analysis. In each
case the large pale grey circles denote the K atoms, the white,
dark grey, and black circles representing the first, second, and
third Al layers, respectively. The ratio of the K radius to the
Al radius corresponds to the covalent K radius and the hard
core Al radius.
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FIG. 4. Three-dimensional plot for the on-top adsorption
geometry showing the Rpg factor as a function of the K-Al
(Zx) and first Al-Al (D:2) spacings.
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FIG. 9. Histogram showing the R factors for the obtained
on-top structural geometry at low temperature for various
values of VX and V', The dark shaded bars correspond to
Rp while the lighter bars denote Rpg values.



